The ribosomal DNA (rDNA) in Tetrahymena thermophila is a 21-kilobase-pair palindromic DNA molecule that replicates autonomously in the macronucleus and is maintained at the level of about 10,000 copies per macronucleus. The rDNA of inbred strain C3 outreplicates the rDNA of inbred strain B in most B/C3 heterozygous macronuclei, generating macronuclei containing exclusively C3 rDNA sequences. In 1% or less of the B/C3 heterozygous macronuclei, however, rDNA sequences derived from both B and C3 strains persist in the macronucleus (co-maintainers). We report here that longterm culture of co-maintainers has yielded recombinant rDNA molecules combining sequences from both parental inbred strains. The genetic structure of such molecules also gives us virtual certainty that the differential replication of C3 rDNA with respect to B rDNA is due to the DNA sequence difference previously reported in domain 2 of the rDNA replication regions of the two strains.
A unique characteristic of the ciliated protozoa is the separation of genetic function into two differentiated nuclei. The diploid micronucleus is not expressed and serves as the germline of the cell, while the polygenomic macronucleus serves as the somatic nucleus and determines the phenotype of the cell. The macronucleus differentiates from a mitotic sister of the micronucleus; in "higher" ciliates, such as Tetrahymena, this differentiation occurs only once in the life of the clone, as a postzygotic event in conjugation [reviewed by Orias (1) ].
In Tetrahymena, the micronucleus contains five pairs of chromosomes; in contrast, the macronucleus contains about 300 acentric, autonomously replicating DNA molecular species, typically represented by 45 copies [reviewed by Karrer (2) ]. The ribosomal DNA (rDNA, the rRNA gene) is the smallest known DNA molecule in the macronucleus. It is atypical in that there are about 10,000 copies per macronucleus. Structurally, it is a giant palindrome containing 21 kilobase pairs (kb) of DNA. The diploid micronucleus has a single copy of the rRNA gene integrated in the left arm of each chromosome 2. During macronuclear differentiation, the two copies are excised, made into palindromes, provided with telomeric repeats, and amplified to the level of 10,000 copies. During subsequent vegetative growth, macronuclear rDNA molecules replicate once per cell division on the average [reviewed by Yao (3) ].
When progeny generated by crossing inbred strains B and C3 are tested after 50 fissions from conjugation, only the rDNA derived from strain C3 is detected in 99% of these heterozygotes (4) . The origin of the rDNA is revealed by a restriction polymorphism at the 3' nontranscribed spacer region of the molecule (Fig. 1) . It is now known that both types of rDNA are comparably amplified at the time of macro- Restriction sites: X, Xba I; M, Msp I; B, BamHI. 5' and 3' probes:
rDNA inserts in plasmids pTtrl and p6J, respectively (5) . rdnAl, Base-pair substitution resulting in an additional BamHI restriction in C3 rDNA (4); rdnA4, 42-base-pair (bp) deletion in strain B compared to inbred strain C3 (6); Pmr, base-pair substitution conferring resistance to paromomycin (PM) (7) . Probing Xba I/Msp I double digests with pTtrl reveals distinct 0.8-and 0.76-kb bands for C3 and B rDNA, respectively. Probing BamHI digests with p6J reveals distinct 2.5-and 3.9-kb fragments for C3 and B, respectively. nuclear differentiation, and that the predominance of the C3 rDNA in most heterozygous macronuclei is due to a differential replication of C3 rDNA with respect to B rDNA during vegetative multiplication (6) .
It was originally reported that, in about 1% of B/C3 heterozygous progeny, rRNA derived from both B and C3 parents could be detected (4) . We call such clones "comaintainers." In these clones, neither type of DNA showed any tendency to outreplicate the other. The lack of differential replication in co-maintainers suggested to us that they carry genetically altered rDNA molecules and raised the possibility ofgenetic recombination between B and C3 rDNA molecules.
The objective of this study was to characterize co-maintainers and test the idea that they might be recombinants. To recover co-maintainers more efficiently, we have used Pmr as a selective marker for the B type of rDNA. Pmr is a dominant mutation that maps to the coding region of the 17S rRNA (7, 8) . We report molecular evidence of recombination in every co-maintainer investigated and show that comaintainers can also be induced by UV radiation. Furthermore, the data obtained permits us to conclude that the cis-acting determinant for differential replication is located in the central third of the palindrome and almost certainly corresponds to the DNA sequence difference previously detected at the 5' NTS of the rDNA molecule (6 Routine Methods. Routine genetic methods were as previously described (13, 14) . PP210 medium consists of 2% (wt/vol) Proteose peptone (Difco), supplemented with 10 ,uM FeCl3 and 250 tkg/ml each of penicillin and streptomycin sulfate (Sigma). Unless otherwise specified, conventional molecular methods were used, essentially as described by Maniatis et al. (15) and Larson et al. (6) . Whole-cell Tetrahymena DNA was prepared and analyzed as described in ref. 6 The viability plates were treated identically with two exceptions: 2 x cycloheximide medium was added at age 6 fissions instead of PM (final cycloheximide concentration, 15 ,ug/ml) and the second PM addition was also omitted. The fraction of cross-fertilized progeny and the fraction of PMR clones were estimated from the fraction of wells without (7, 9) . A map of the rDNA mutation is shown in Fig. 1 . Chx and Mpr, dominant mutations conferring resistance to cycloheximide (CHX) and 6-methylpurine (6MP), respectively (10, 11) . Sensitive phenotypes are indicated by s. These two strains were constructed by exploiting "pronuclear fusion failure" (12) to ensure the complete micro-and macronuclear homozygosity. Both strains contain genomic DNA sequences derived from both strain B and strain C3, but they are unlikely to be isogenic. (Fig. 2) , since UV radiation is a universal recombinogenic agent. The data show a significant induction of B-maintainers by UV, with a peak (about 10-fold induction) when irradiated at 8 hr. This time corresponds to an early stage in the differentiation of the macronucleus anlage (reviewed in ref. 1 ). UV radiation is also a mutagenic agent; however, the treatment used was mild and, as will be seen below, macronuclear mutation (e.g., from C-Pmr+ to C-Pmr) does not account for the generation of these B-maintainers.
Using a similar PM-selection protocol, we have found other agents that induce B-maintainers: MnCl2, KCI, and the DNA polymerase a inhibitor aphidicolin (data not shown). Aphidicolin causes a peak of induction (50-fold) at 10 hr. In contrast, MgCl2 decreases the frequency of B-maintainers (data not shown), whereas starvation and temperature were previously shown not to have marked effects (4) .
Molecular Analysis of B-Maintainers. To determine the nature of the rDNA molecules present in B-maintainers, we exploited two restriction fragment length polymorphisms (Fig.  1 ) that distinguish B and C3 rDNAs: at the 3' NTS, C3 has an additional BamHI restriction site (16) , while at the 5' NTS strain B has a 42-bp deletion compared to C3 (6, 8) . Whole-cell DNA from 24 B-maintainers of spontaneous origin derived from several experiments and 11 induced by UV (treatment 8 hr after conjugation; Fig. 2 Fig. 1 ).
The data (Fig. 3) indicate the existence of two classes of B-maintainers. Those of the first class-e.g., clone I6 in Fig.  3 -show no evidence of possessing any C3 sequences at either end and, of course, they express B-derived PM resistance. The second class of B-maintainers is the co-maintainer class-e.g., clone J9 in Fig. 3 -showing rDNA sequences derived from both C3 and B parental DNA. Four out of 24 spontaneous B-maintainers and 2 out of 11 UV-induced B-maintainers were co-maintainers. The remaining clones were pure B-maintainers. It is clear that overall the pure B-maintainers make up the majority (83%) of B-maintainers and that there are no striking differences in the relative proportions ofthe two classes ofB-maintainers among the UV-treated and control samples.
The replication region in the 5' NTS of the T. thermophila macronuclear rDNA molecule contains two (it) rDNA molecules are special in that they become sequestered (and possibly concentrated) into nucleoli, each containing at least 20 rDNA molecules, depending on particular estimates of the number of nucleoli per macronucleus (19, 20 The nature of the recombinants observed is instructive. The recombinant molecules are the product of a double selection: (i) the imposed growth selection for the Pmr allele, derived from the B parent, and (ii) the natural selection for the determinant for differential rDNA replication derived from the C3 parent. The structure of the recombinants (i.e., 5' NTS of C3 origin and Pmr site and 3' NTS of B origin; Table 2 ) maps the determinant for differential replication to the Pmr-proximal central segment of the palindrome. Assuming that the highly conserved rRNA coding region is not involved in replication control, this leaves the 5' NTS as the probable location of this determinant. This makes it virtually certain that differential replication is due to the nucleotide sequence differences identified in the replication region of the 5' NTS (6) .
One of the recombinants generated in this study (clone A3R, Table 2 ) has proven useful as a donor for rDNA transforma- Pure B-Maintainers. The occurrence of two rare phenomena in the developing macronuclear anlage can explain pure B-comaintainers, when suitable account of the replication advantage of C3 rDNA is taken: (i) failure of the C3 rDNA micronuclear copy to mature correctly in the macronuclear anlage; (ii) a great shortage of C3 rDNA molecules when amplification is completed, due to a delay in the maturation of the micronuclear C3 rDNA copy or in the initiation of its amplification. rDNA molecules are distributed unequally, as evident by the segregation of PMs cells from Pmr/Pmr+ heterozygotes of inbred strain B (V. Merriam and P. J. Bruns, personal communication). Thus, in our case, macronuclear division could stochastically generate, by unequal division, rare descendants whose macronuclei are pure for B rDNA.
The ratio of pure B-maintainers to co-maintainers is much higher in this than in the previous study (4) . A very important difference is the use of PM to select B-maintainers in this study; two rounds of PM selection were used, the first coming at 6 fissions. Since macronuclei in which no C3 rDNA was amplified should be recovered with equal efficiency regardless of selection, we should not have expected an increase in the relative frequency of this class in this study. In contrast, pure B-maintainers generated by the combination of biased amplification and unequal distribution are efficiently recoverable in the presence of PM selection, but not in its absence. In the absence of PM selection, they are likely to be diluted out by their more numerous fission sisters, in which even a few C3 rDNA molecules are eventually able to outreplicate the B rDNA molecules. Thus the difference in the ratio of pure B-to co-maintainers observed in the two studies suggests that macronuclei in which very few copies of the C3 rDNA were amplified were much more frequent than macronuclei in which the maturation of the C3 rDNA copy failed completely. It is not totally excluded, however, that the differences between the two studies are due to undefined differences in the remainder of the genetic background of the parental clones.
The Effects of UV Irradiation. UV irradiation induced both classes of B-maintainers. The UV effect showed a peak of activity at 8 hr (Fig. 2) . At this time the macronuclear anlagen have already been generated and have begun their morphological differentiation. Maturation of the rDNA may also be underway at this time, since by 9 hr enough palindromes are present to be detected by molecular methods (16) . The peak of UV activity at 8 hr raises the distinct possibility that the observed UV effects are exerted preferentially or exclusively on the earliest rDNA maturation components or intermediates.
Perspectives on rDNA Genetics. It seems remarkable that the rRNA gene is by now the best genetically characterized gene in Tetrahymena and is the source of important discoveries concerning genetic events of the developing macronucleus. In no small part this is due to the the uniqueness of T. thermophila in possessing a single copy of the rRNA gene per haploid genome in the germline (4, 21) and to the high copy number of the rDNA molecular species in the macronucleus, which facilitates molecular characterization. Thus the rDNA is potentially a powerful system for the study of recombination mechanisms in the Tetrahymena macronucleus.
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